leagues, however, we document that the rate of appearlog (APLP1), and TrkB in neurons that lack PS1. We ance of soluble APP (APP s␣ ) derivatives in medium of report that PS1-deficient neurons fail to secrete A␤, PS1-deficient neurons is quantitatively increased. Reand that the rate of appearance of soluble APP derivamarkably, a CTF derived from amyloid precursor-like tives in the conditioned medium is increased. Remarkprotein 1 (APLP1), also accumulates in PS1-deficient ably, carboxyl-terminal fragments (CTFs) derived from neurons; in view of the limited homology between the APP and APLP1 accumulate in PS1-deficient neurons.
Introduction
TrkB autophosphorylation is severely compromised in PS1-deficient neurons. Interestingly, and with very few exceptions, the rate and pattern of newly synthesized Alzheimer's disease (AD), a progressive neurodegeneraproteins that appear on the plasma membrane and contive disorder of late life, is characterized by the deposiditioned medium of wt and PS1-deficient neurons are tion of 42-43 amino acid A␤ peptides and neurofibrillary remarkably similar. These results support the view that tangles in the hippocampus and cerebral cortex of afloss of PS1 activity has a highly selective role in the fected individuals. The N and C termini of A␤ peptides trafficking and turnover of selected membrane proteins are generated following endoproteolytic cleavage of in neurons. larger type 1 integral membrane ␤-amyloid precursor proteins (APP) by "␤-" and "␥-secretase" activities, reResults spectively (reviewed in Selkoe, 1997).
Elimination of PS1 Abrogates A␤ Secretion
Recent studies by De Strooper and colleagues provided 8 To whom correspondence should be addressed (e-mail: ssisodia@ drugs.bsd.uchicago.edu).
compelling evidence that primary neurons from PS1
Ϫ/Ϫ mouse embryos exhibit marked reductions in secretion of A␤ peptides, coincident with the intracellular accumulation of a complex set of APP C-terminal fragments (CTFs) containing A␤ peptide-related sequences (1998). We prepared cortical neuronal cultures from day 15.5 p.c. PS1 Ϫ/Ϫ , PS1 ϩ/ϩ , or PS1 ϩ/Ϫ embryos and assayed steady-state levels of APP metabolites after 5 days. At this point, surviving neurons appeared morphologically differentiated, and nonneuronal cells represented Ͻ5% of all cells in the culture (data not shown). Western blot analysis of detergent lysates prepared from neuronal cultures using CT15, an antibody specific for the carboxyl-terminal 15 amino acids of APP (Sisodia et To demonstrate that the accumulation of APP CTFs in PS1 Ϫ/Ϫ cells is solely a consequence of the loss of PS1, we examined the steady-state levels of APP metabolites in detergent extracts prepared from brains of day 15.5 p.c. PS1 ϩ/ϩ , PS1 Ϫ/Ϫ , and PS1 Ϫ/Ϫ mice rescued by it is highly likely that the mouse APP CTFs which accumulate in PS1 Ϫ/Ϫ brain are generated by constitutive compare lane 3 to lanes 5 and 6, respectively). Western activities rather than alternative or aberrant proteolytic blot analysis of the brains of rescued PS1 Ϫ/Ϫ mice using events. Moreover, the APP CTFs in brains of PS1 Ϫ/Ϫ ␣PS1loop, an antibody specific for PS1 epitopes bemice are almost completely restored to wild-type levels tween amino acids 300-360 (Thinakaran et al., 1996), upon expression of human transgenes encoding either human PS1 or the A246E human PS1 variant (Figure 2A, revealed the presence of a C-terminal PS1 fragment, Figure 3E) . Thus, the elevated levels of compare lanes 3 and 4, respectively), it is readily appar-APP s␣ in medium, coincident with increase in levels of ent that relative to PS1 ϩ/Ϫ cultures, the APLP1 CTF in an intracellular APP C-terminal fragment of ‫5.8ف‬ kDa PS1 Ϫ/Ϫ cultures is stabilized over the chase period (Fig-(Figure 3A , lane 2) in PS1 Ϫ/Ϫ cultures immediately after ure 4C, compare lanes 6 and 8 to 5 and 7). These obserpulse labeling, lead us to suggest that loss of PS1 exvations, taken together with the earlier demonstration pression enhances the rate of APP trafficking to the that APP CTFs accumulate in PS1-deficient cells, argue plasma membrane, the preponderant site for ␣-secrein support of the view that loss of PS1 has a more general tase cleavage of APP (reviewed in Selkoe, 1997). The effect on the turnover of membrane-bound "stubs" de-2-fold difference in accumulated APP s␣ in medium berived from transmembrane proteins. tween PS1-deficient and PS1 ϩ/Ϫ neurons persists over the initial 2 hr chase period ( Figure 3D , compare lanes Diminished Functional TrkB Receptors 3 and 4, quantified in Figure 3E ). After 4 hr of chase, in PS1-Deficient Neurons APP s␣ in medium of PS1 Ϫ/Ϫ cultures appears to plateau, Convinced that loss of PS1 activity had multiple effects while the levels of APP s␣ in medium of PS1 ϩ/Ϫ cultures on the metabolism of APP and APLP1 and their derivanow appear comparable to that in medium of PS1-defitives, we asked whether the metabolism of other memcient cultures ( Figure 3D , compare lanes 5 and 6; quantibrane glycoproteins might also be altered in PS1-defified in Figure 3E ). Our interpretation of these findings is cient neurons. For these studies, we chose to examine that the total pool size of ␣-secretase substrates in the maturation of TrkB, a tyrosine kinase receptor spe-PS1 ϩ/Ϫ or PS1 Ϫ/Ϫ cells is not substantially different.
cific for brain-derived neurotrophic factor (BDNF) (Chao, Rather, in PS1 Ϫ/Ϫ cells, the burst of APP s release corresponds to a pool of newly synthesized APP s that rapidly 1992). PS1 ϩ/Ϫ and PS1 Ϫ/Ϫ cultures were pulse-labeled species of ‫051-041ف‬ kDa within the 2 hr chase period ( Figure 5A, lane 4) . On the other hand, in PS1 Ϫ/Ϫ cells, immature TrkB polypeptides persisted throughout the chase period and the levels of highly glycosylated species were significantly diminished ( Figure 5A, lanes 5-8) .
It is not presently clear whether reduced TrkB glycosylation in PS1 Ϫ/Ϫ cells is a reflection of diminished rates of acquisition of mixed oligosaccharide modifications or slower transit of TrkB polypeptides through the secretory pathway. In any event, these studies convincingly demonstrate that in primary cortical neurons, maturation of TrkB receptors is fundamentally altered by the loss of PS1. Despite the striking reduction in levels of fully glycosylated TrkB in PS1-deficient neurons, it was not inconceivable that underglycosylated TrkB polypeptides might arrive at the surface and still be functional. To test this hypothesis, we examined the autophosphorylation of TrkB receptors after treatment of live PS1 ϩ/ϩ and PS1 Ϫ/Ϫ primary neurons with BDNF. Cells were incubated for 10 min with 100 ng/ml BDNF, and total cellular TrkB was immunoprecipitated from detergent lysates using antibody C14, specific for the C-terminal 14 residues of Trk receptors; resulting immunocomplexes were subjected to Western blot analysis with phosphotyrosinespecific antibodies 4G10 and PY99. In contrast to PS1 ϩ/ϩ neurons, wherein TrkB receptors undergo robust autophosphorylation after BDNF binding ( Figure 5B , lane 2), the levels of autophosphorylated TrkB receptors in PS1 Ϫ/Ϫ neurons are diminished by ‫%09ف‬ ( Figure 5B , lane 4; quantified in Figure 5E ). The specificity of BDNFinduced tyrosine autophosphorylation of TrkB is shown in Figure 5C ; while the general pattern of polypeptides detected with phosphotyrosine antibodies is identical between PS1 ϩ/ϩ and PS1 Ϫ/Ϫ neurons, the levels of an ‫041ف‬ kDa polypeptide, corresponding to tyrosine phosphorylated TrkB, are specifically induced by BDNF treatment ( Figure 5C, arrow) .
Having demonstrated that PS1 deficiency alters the metabolism of APP, APLP1, and TrkB, we assessed the general effects of loss of PS1 activity on the metabolism of the neuronal secretory apparatus. First, we examined 
